
Abstract—A SnO2/CdS/CdTe heterojunction was fabricated by
thermal evaporation technique. The fabricated cells were annealed at
573K for periods of 60, 120 and 180 minutes. The structural
properties of the solar cells have been studied by using X-ray
diffraction. Capacitance- voltage measurements were studied for the
as-prepared and annealed cells at a frequency of 102 Hz. The
capacitance- voltage measurements indicated that these cells are
abrupt. The capacitance decreases with increasing annealing time.
The zero bias depletion region width and the carrier concentration
increased with increasing annealing time. The carrier transport
mechanism for the CdS/CdTe heterojunction in dark is tunneling
recombination. The ideality factor is 1.56 and the reverse bias
saturation current is 9.6×10-10A. The energy band lineup for the n-
CdS/p-CdTe heterojunction was investigated using current - voltage
and capacitance - voltage characteristics.

Keywords—SnO2/CdS/CdTe heterojunction, XRD, C-V
measurement, I-V measurement, energy band diagram.

I. INTRODUCTION

DS/CdTe photovoltaic (PV) thin films play a key rule in
the fast growing PV industry [1]. The ideal preparation

parameters for solar cell samples, such as maximum
processing temperature, are not known [2]. Using a low
preparation temperature of about 373K will reduce the cost
and time of device fabrication, in addition enabling the use a
thermally sensitive substrate such as polyimide film [2].

CdTe is stable in the environment and has no toxicity, and
its cost is relatively low compared to other crystalline based
solar cell materials such as Si which currently dominating
solar cell market [3]. Due to its direct band gap (Eg), CdTe
becomes one of the attractive materials for PV applications.
The absorber thickness in commercial CdS/CdTe PVs is in the
range of 5-10µm [4].In the current study it is found that the
absorbance of incident solar radiation is about 90% for 1μm
CdTe film thickness.

CdS is also one of the promising materials for
optoelectronic applications [5]. Measurements of capacitance –
voltage (C-V) and current – voltage (I-V) are used to study the
transport mechanism in the heterostructure and to determine
the basic physical parameters (such as the ideality factor) and
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the junction features (such as band discontinuity and charge
interface). In order to improve the efficiency of PV devices,
the loss mechanism must be determined [6].

II. EXPERIMENTAL WORK

CdS/CdTe heterojunctions were produced using thermal
evaporation. Corning glass was used as a substrate, coated by
0.05µm thick of gold layer as a back contact. A p-CdTe layer
with a thickness of about 1.2±0.05µm was evaporated on gold
layer then an n-CdS layer with thickness of about 0.2±0.05µm
was evaporated on CdTe layer. A 0.05µm thick SnO2 layer of
was evaporated on the n-CdS as an antireflection and
transparent conducting oxide. Finally a conducting electrode
of 0.05µm thick Alwas evaporated as shown in Fig. 1. The
films were deposited at a substrate temperature of 373±5K. All
materials used in this work were 99.999% purity. The
thicknesses of the deposited films were measured using the
Fizue method. As shown in Fig. 1, CdS, CdTe, and SnO2 were
been prepared in a sandwich configuration between Al and Au
electrodes, using an Edwards E306A coating system for the
deposition processes, under a vacuum of about 10-6 mbar. The
prepared CdS/CdTe heterojunction devices were annealed at
573±5 K for periods of 60, 120 and 180 minutes under
vacuum of 30 mbar.

Fig. 1 Basic structure of a typical SnO2/CdS/CdTe heterojunction

The structures of CdS/CdTe films were examined by X-ray

diffraction (XRD) with kCu a wavelength of 0.0154µm. A

Keithley 616 digital electrometer has been used to measure the
resistance of the CdTe film. C-V measurements were made on
the CdS/CdTe heteroguction under reverse bias voltage
between zero and 1 volt at a frequency of 102Hz using a model
4274A HP-2RC unit and a 4275A multi frequency LCR meter
.I-V curves were measured in the dark with forward and
reverse bias.

I-V characteristics of the CdS/CdTe heterojunctions were
measured at 40, 60, 80 and 100mW/cm2 illumination

Characterization of the Energy Band Diagram of
Fabricated SnO2/CdS/CdTe Thin Film Solar Cells

Rasha A. Abdullah, Mohammed. A. Razooqi, and Adwan N. H. Al-Ajili

C

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences

 Vol:7, No:7, 2013 

1099International Scholarly and Scientific Research & Innovation 7(7) 2013 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 P
hy

si
ca

l a
nd

 M
at

he
m

at
ic

al
 S

ci
en

ce
s 

V
ol

:7
, N

o:
7,

 2
01

3 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
63

31
.p

df



intensities using a 120 W Philips halogen lamp
model 2425 source meter.

The absorbance spectra for CdS and C
recorded for wavelengths in the range 0.3-
double beam UV-VIS Perkin-Elmer 
spectrophotometer.

III. RESULTS AND DISCUSSION

A. X-ray Diffraction Analysis

X-ray diffraction spectra were taken for the
CdS/CdTe heterojunctions annealed for dif
times are shown in Fig. 2. The spectra of CdT
were compared with ASTM (American Stan
Materials) cards of CdTe and CdS structure
polycrystalline structure of CdTe cubic p
hexagonal phase. X-ray diffraction spectra for
CdS/CdTe heterojunctions and those anneal
times exhibit a strong preferred orientation 
(111) planes, as well as weak reflections at C
(311) and CdS (002) planes. Similar data hav
by Chun et al [7] and Zhu et al [8]. The X
CdS/CdTe heterojunction films annealed at 52
time durations show crystallinityim proveme
of the (111) cubic plane has been increased, in
degree of preferential orientation toward
increased, as shown in Fig. 2. The full width a
(FWHM) intensity of the (220) plane has
observation that increasing annealing time
crystallite is in line with the observation of A
Enriques and Mathew [10], while CdS (002) 
planes show the opposite behavior withou
preferred orientation. The crystal structure im
to the annealing produces an excess of Te atom
bonded to the CdTe site this leading to an enh
Cd vacancies, then Cd and Te atoms will rearr
into CdTe crystallites [9]. Fig. 3 shows th
increases with increasing annealing times, and
to better grain growth by maintaining the pr
(111) plane [10]. The degree of preferred
CdS/CdTe films can be estimated from the 
using the method of Harris for texture analysis

Fig. 2 X ray diffraction spectra for the as prepare
CdS/CdTe heterojunction

mp, and a Keithley
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tandard for Testing
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 for the as-prepared
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 CdTe (220), CdTe
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t 523K for different
ment, the intensity
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th at half maximum
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ime improves the
Al-Dhafiri [9] and
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hout affecting the
 improvement due
toms which are not
nhanced density of
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that the intensity

nd this may be due
 preference for the
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Fig. 3 X ray diffraction spectra of (1
prepared and annealed Cd

The degree of the preferred 
orientation parameter of a certain 
polycrystalline films can be determ
equation:
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where Tc(hkl) is the texture coefficie
intensity of the peak (khl), Io(hkl) is th
corresponding peak from the powd
number of peaks (hence n =4 fo
Tc(111) = n, this means that all the 
oriented in the (111) plane, and low
random orientation. With increas
Tc(111) increases and become close
which shows variation of texture c
orientation (I(111)/ΣI(hkl)) versus the
behavior has been found by Nakamu
[12], namely crystallite orientation 
coefficient.

Fig. 4 The effect of annealing temperatu
of the as deposited and the annea

B. C-V Characteristics of CdS/CdT

The Mott-Shottky plot (C-2 v
heterojunction for different annealing

 (111) CdTe peak for the as
 CdS/CdTe films
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icient, I(hkl) is the measured
s the relative intensity of the
wder reference and n is the
for each spectrum). When
he grains of CdTe films are
ower values of Tc(111) more
easing annealing time the
se to 4, as shown in Fig. 4,
e coefficient and crystallite
he annealing time. Similar
mura et al [11] and Lee et al
on behaved like the texture

ature on the texture coefficient
nealed CdS/CdTe films

dTe Heterojunction

vs. V) for a CdS/CdTe
ling times is shown in Fig. 6.
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The straight line relationships mean that the 
abrupt type [13]-[15]. The as-prepared
heterojunctions annealed for 60 and 120 min
change in the reverse bias capacitance, sug
back contact is incomplete, and this causes a
value of the capacitance. The reverse bias v
significantly change the CdS/CdTe depletio
[16]. At 180 minutes annealing time, the capa
depends on the applied bias and on the slop
shown in Fig. 6. In this case we can say th
contact is well formed. Similar results have be
et al. [16]. Table I shows the variation of the
width for CdS/CdTe heterojunctions at dif
times. We can observe that the zero bias 
width has increased with increasing annea
depletion layer width (W) is defined as [15]:

21

21

)(
)((2

ADAD

DAabi

NNNqN

VVVV
W

where ε1 and ε2 are the dielectric constants f
type semiconductor, respectively, Vbiand Vaare
applied voltages, q is the electron charge, ND

donor and acceptor concentration. The dopin
can be calculated from the following relation [

(
)

)(2
2/1

21
2

2
21

bi
AD

DA V
NNqA

VV
W

where A is the area of the junction. The inte
that results from plotting of C-2 as a function
represents the built-in potential and the carri
can be calculated from the slope of this line u
shows the variation of Vbi with different anne
Vbi values decreased with increasing annea
found that the overall performance of the man
is improved due to annealing.

Fig. 6 Mott-Shottky plot for the as prepared and an
heterojunctions for different annealing time

Annealing time Co×109 (F) Vbi(V) W(µm) NA×1016 (cm-3)

As deposited 38.30 1.61 0.13 4.01

60 min 23.70 1.17 0.18 1.89

120 min 15.15 0.97 0.28 0.92

180 min 10.84 0.92 0.43 0.61

he junction was an
d and CdS/CdTe
inutes show minor

suggesting that the
s a reduction in the
s voltage does not
etion region width
apacitance strongly
lope of the curves
that the Au/CdTe

 been found by Jun
he depletion region
different annealing
s depletion region
ealing times. The
:

2/12

)
)

A

DV
(2)

s for the n- and p-
are the built-in and
ND and NA are the
ping concentration
n [15]:

)aV
(3)

ntercept of the line
tion of reverse bias
arrier concentration
e using (3). Table I
nealing times. The
ealing times. It is
anufactured device

 annealed CdS/CdTe
ime durations

The higher values of Vbi may be a
that act as recombination centers th
states created as a result of junct
mismatch between CdTe and CdS
measurement relies on the fact tha
charge-region (SCR) of a semico
changes with applied voltage. Th
region width for CdS/CdTe cells 
times is shown in Table I. One can 
depletion region with increased w
times. Alnajjar et al. [17] found that
with increasing annealing temperatu
range (0.159-0.208)µm.

TABLE I
THE VARIATION OF CO, VBI, W AND NA FO

HETEROJUNCTIONS AT DIFFEREN

Annealing time Co×109 (F) Vbi(V) W(µm) NA×1016 (cm-3)

As deposited 38.30 1.61 0.13 4.01

60 min 23.70 1.17 0.18 1.89

120 min 15.15 0.97 0.28 0.92

180 min 10.84 0.92 0.43 0.61

The acceptor concentration of C
decreases with increasing annealing
been found by Alnajjar [17]. 
concentration suggest that the CdS/C
Elsewhere we have shown that in 
junction, recombination in the abs
dominates over interface recombinat

C. I-V Characteristics of CdS/CdT

Fig. 7 shows the dark I-V Char
heterojunction annealed at 573K fo
the forward bias I-V characteris
heterojunction at show that the forwa
regions; the first represents recomb
second represents the tunneling cu
transport mechanism for this ca
recombination type. The reverse 
calculated from the intercept of th
current axis at zero voltage bias
saturation current is 9.6×10-10A.
agreement with Alnajjar et al. [17]. T
be calculated from the following rela

S

F

F

B

I

I

V

Tk

q

ln

Here VF is the forward bias vo
forward bias and the saturation curre
calculated by applying (4) to the first
in Fig. 7. The value ofthe is 1.58, in
al [20].

e attributed to midgap states
 that may arise either from

nction fabrication or lattice
dS [17]. The capacitance

hat the width of the space-
iconductor device junction
The variation of depletion
ls with different annealing
an observe that the zero bias
 with increasing annealing
at the values of W increased

rature and varied within the

 I
FOR AS PREPARED CDS/CDTE
NT ANNEALING TIMES

Annealing time Co×109 (F) (V) W(µm) NA×1016 (cm-3)

As deposited 38.30 1 0.13 4.01

60 min 23.70 7 0.18 1.89

120 min 15.15 7 0.28 0.92

180 min 10.84 2 0.43 0.61

f CdS/CdTe heterojunctions
ng time. Similar results have
. The values of doping
S/CdTe interface is n+p type.
in the case of an n+p type
bsorber space charge layer
ation [18].

dTe Heterojunction

aracteristic of a CdS/CdTe
for 180 minutes. In general
ristics for the CdS/CdTe

rward current consists of two
bination currents while the

 currents [19]. The carrier
case is of a tunneling–

se saturation current was
 the straight line with the
ias. The value of reverse
A. These results are in
]. The ideality factor (β) can
elationship [15]:

S

F

I

I (4)

voltage, IF and IS are the
rrents respectively, β can be
irst region of the upper curve
, in agreement with Huijin et
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Fig. 7 Dark I -V characteristics (forward and revers
a CdS/CdTe heterojunction annealed at 573K fo

D.Energy Band Diagram of CdS/CdTe Sola

Fig. 8 shows the optical absorbance as
wavelength for CdS and CdTe films dep
substrates and annealed at 573K for 180 min
edge of CdS films is at 0.52µm wavelength,
films the absorption edge is at 0.84 µm. Sinc
are direct band gap semiconductors, the follow
be used to estimate Eg [21];

h

Eh
const

m
g.

where α is the absorption coefficient, hν is t
incident radiation and m is a constant equal to
direct transition. The values of Eg are esti
extrapolation to zero absorption in (5). It is
(αhν)2 vs. hν curves depicted in Fig. 8 that
CdS (Eg1) is about 2.4eV. A similar value
Senthamilselvi et al [22].The band gap of Cd
eV, similar to the value found by Shabaan et a

Fig. 8 The absorbance spectra vs. wavelength and
CdS and CdTe films

erse bias voltage) for
 for 180 minutes

olar Cell

as a function of
eposited on glass
in. The absorption

th, while for CdTe
ince CdS and CdTe
lowing formula can

(5)

s the energy of the
l to 1/2 for allowed
stimated from the

t is clear from the
at the band gap of
lue was found by
 CdTe (Eg2) is 1.44
t al [21].

nd (αhν)2 vs. hν for

Fig. 9.I -V characteristics (forward bias) 
CdS/CdTe heterojunction sample annea

and the related saturation c

CdS/CdTe heterojunctions have b
I-V and C-V measurements [23].
forward bias in the temperature
presented in Fig. 9. The measurem
voltages to cancel the role of the tu
inset of Fig. 9 it can be seen that IS

temperature due to resistance incre
this figure the value of valence b
deduced using the following equation

Tk

EVq
I

B

D
S

(
exp

The value of ΔEv which is calcula
is 0.40 eV. The total built-in voltage
due to the difference in work functi
sum of the built-in voltages on both
the conduction band offset (ΔEc)
following equation [24];

1gVC EEE

The calculated value of ΔEc is 0.5
Fermi level (EF) in the other two s
can be calculated using the following

BFC TkEE ln

BVF TkEE ln

where NC and NV are the densit
conduction band) and holes (
respectively. The values of (EC-EF) 

s) at different temperatures for
nealed at 573K for 180minutes
n current vs. 103/T

e been investigated by using
]. I-V measurements under
re range (291-301)K are

rements were taken at low
e tunneling effect. From the
IS decreases with decreasing
creasing. From the slope of
 band offset (ΔEv) can be

tion [19];

EV )

(6)

ulated from the previous (6)
ge (Vbi) is 0.92 eV, which is
ctions and it is equal to the
oth sides [19]. The value of
Ec) is calculated from the

2gE
(7)

0.56 eV. The position of the
sides of the heterojunction

ing equations [24]:

D

C

N

N
ln

(8)

A

V

N

N
ln

(9)

sity of  electrons (in the
(in the valence band),

F) and (EF-EV) are found to
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be 0.49 and 0.53 eV respectively. The band lin
CdS/p-CdTe heterojunction was constructed
shown in Fig. 10 where the subscripts 1 an
affinity χ, in Fig. 10 correspond to C
respectively.

Fig. 10 Equilibrium energy band (band line up) dia
CdTe heterojunction annealed for 180 m

IV. CONCLUSIONS

The X-ray diffraction spectra for the
annealed CdS/CdTe heterojunctions gave a
structure of cubic phase CdTe and hexagonal
values of dark resistivity of the bulk p-CdT
within the range (52.55- 1.89)× 107Ω.cm,
annealing times. The as prepared CdS/CdTe
are abrupt. The Au/CdTe contact was w
annealing for 180 minutes at 573 K. The 
width, built in voltage and capacitance 
increasing annealing time. The carrier concen
with increasing annealing time. The val
concentration suggest that the CdS/CdTe inter
The carrier transport mechanism is tunneling
We based our results on a modified energ
which has already been proposed based on
electrical measurements.

REFERENCES

[1] Lin H., Irfan, Xia W., Wu H.N., Gao Y., Tang C.W
for CdS/CdT thin film solar cells: Preparation, devi
stability. Solar Energy Materials & Solar Cells 2012

[2] Kranz L., Perrenoud J., Pianezzi F., Gretener C., Ro
S., Tiwari A.N. Effect of Sodiumon recrystallizat
properties of CdTe solar cells. Solar Energy Mat
2012; 105:213–219.

[3] Bai Z. and WangD. Oxidation of CdTe thin film in
without a CdCl2 layer. Phys. Status Solidi A 2012;2

[4] Li B., Liu J., Xu G., Lu R., Feng L., and Wu J. De
laser deposition for CdS/CdTe thin film solar ce
Letters 2012; 101:153903-1-153903-4.

 lineup model of n-
d from our data as
 and 2 of electron

CdS and CdTe,

diagram of n-CdS/p-
0 minutes

e as-prepared and
 a polycrystalline

nal phase CdS. The
dTe films decrease

with increasing
Te heterojunctions
 well formed by
e depletion region
ce decrease with
entration increased
values of doping
terface is n+p type.
g – recombination.
rgy band diagram
on the analysis of

.W. MgOx back contact
vice characteristics and
12; 99:349–355.

 Rossbach P., Buecheler
zation and photovoltaic

aterials & Solar Cells

 in air coated with and
2;209: 1982–1987.
 Development of pulsed
cells. Applied Physics

[5] Mohammed W.F., Daoud O. and A
enhancement of CdS/CdTe solar cell in
Circuits and Systems 2012; 3:230-237.

[6] Castillo-Alvarado F.L., Inoue-Chávez 
Mez E., López-Chávez E. and Contrera
CdS/CdTe thin films solar cells. Thin So

[7] Chun S., Lee S., Jun Y., Ba J.S., Kim 
CdTe thin film solar cells. Current Appl

[8] Zhu Y., Li Z., Chen M., Cooper H.M.
preparation of highly fluorescent cadm
quantum dots under neutral-pH condi
Journal of Colloid and Interface Science

[9] Al Dhafiri A.M. Isothermal and isoch
electrical properties of CdTe. Crys. Res.

[10] Enriquez J.P. and Mathew X. XRD stu
films annealed at different temperature
2004; 81:363-369.

[11] Nakamura K., Gotoh M., Fujihara T.
Influence of CdS window layer on 2-µm
cells. Solar Energy & Solar Cells 2003; 

[12] Lee J.H., Lim D. and Yi J. Electrical 
films prepared by vacuum evaporation
substrate. Solar Energy Materials & Sola

[13] Razykov T.M., Contreras-Puente G., 
Emirov Y., Ergashev B., Ferekides C
Kouchkarov K.M., Mathew X., Morel D
E., Stefanakos E., Upadhyaya H.M., 
Y.V.Structural, photoluminescent and el
with different compositions fabricated 
83: 90-93.

[14] Lyahovitskaya V., Chernyak L., Greenb
Low temperature, postgrowth self-dopin
controlled deviation from stoichiomet
2000;88: 3976.

[15] Milnes A.G. and Feucht D.L. Hetrojun
junctions. London: Academic press; 197

[16] Yun J.H., Kim K.H., Lee D.Y. and Ah
Cu2Te as Cu doping source and ele
Materials & Solar Cells 2003; 75:201-21

[17] Alnajjar A.A., Alias M.F.A., Almatuk
characteristic of anisotype CdS/CdTe
Energy 2009; 34:2160-2163.

[18] Green M.A. Solar cells; operating pri
applications. New Jersey: Prince-Hall In

[19] Sharma B.L. and Purohit R.K. Semi
York: Pergamon Press; 1974.

[20] Huijin S., Xiaoli W., Jiagui Z., Qiang Y
thin films for CdTe solar cells.  2010 
Engineering Conference, IEEE; 2010.

[21] Shaaban E.R., Afify N. and El-Taher 
microstructural parameters and optical
Journal of Alloys and Compounds 2009

[22] Senthamilselvi V., Ravichandran K. and
immersion cycles on the stoichiomet
SILAR technique. Journal of Physics 
74:65–69.

[23] Fritsche J., Kraft D., Thissen A., Maye
W. Interface engineering of chalcogen
solar cells: CdTe as an example. Mat
668:H6.6.1-H6.6.12.

[24] Sze S.M. Physics of semiconductor de
Wiley and Sons; 2007.

Al-Tikriti M. Power conversion
l interconnected with tunnel diode.
7.
ez A.J., Vigil-Galán O., Sánchez-
eras-Puente G. C–V calculations in
 Solid Films 2010; 518:1796–1798.
m J., Kim D. Wet chemical etched
plied Physics 2013; 13:211-216.

M., Lu G.Q. and Xu Z.P. One-pot
admium telluride/cadmium sulfide
dition for biological applications.
ce 2013; 390:3–10.

ochronal studies of structural and
es. Techno. 2001; 37:950-957.
study of the grain growth in CdTe
tures. Solar Energy & Solar Cells

T., Toyama T. and Okamoto H.
µm thick CdS/CdTe thin film solar
3; 75:185-192.
al and optical properties of CdTe

ion with close spacing source and
olar Cells 2003; 75:235-242.
., Chornokur G.C., Dybjec M.,

 C.S., Hubbimov A., Ikramov B.,
el D., Ostapenko S., Sanchez-Meza

., Vigil-Galan O. and Vorobiev
 electrical properties of CdTe films

ed by CMBD. Solar Energy 2009;

enberg J., Kaplan L., and Cahen D.
ping of CdTe single crystals due to
etry. Journal of Applied Physics

junctions and metal-semiconductor
972.
Ahn B.T. Contact formation using
electrode in CdTe. Solar Energy
-210.
tuk R.A. and Al-Douri A.A. The
Te heterojunction. J. Renewable

principles, technology and system
l Inc; 1982.
miconductor heterojunction. New

g Y. Study of CuTe polycrystalline
10 Asia-Pacific Power and Energy
.
er A. Effect of film thickness on
cal constants of CdTe thin films.
09; 482:400-404.
and Saravanakumar K. Influence of
etry of CdS films deposited by

cs and Chemistry of Solids 2013;

yer Th., Klien A. and Jaegermann
enide semiconductors in thin film
at. Res. Soc. Symp. Prcc. 2001;

 devices. 5th ed, New York: John

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences

 Vol:7, No:7, 2013 

1103International Scholarly and Scientific Research & Innovation 7(7) 2013 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 P
hy

si
ca

l a
nd

 M
at

he
m

at
ic

al
 S

ci
en

ce
s 

V
ol

:7
, N

o:
7,

 2
01

3 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
63

31
.p

df


